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1 and 2 denote the upstream and downstream quantities. The locations (x,z) in the simulation domain
k normal vector A, the shock velocity v, the angle between 7 and the upstream magnetic field B, the upstream plasma beta, flow

Mach numbers to fast, intermediate (Alfvén), and slow-mode speeds, and the temperature ratio. The asterisk sign (¥) indicates unreliable results (see
Sec. I F). The letter (S) indicates a slow shock, (F) is a fast shock, and (U) is unclassified.

No.  Location (ne,n,) v |sn B My My My Mp My Mg TIT,

1 (40.0, 1.35) (—0.03, 1.00) 0.0 86.3 022 006 098 249 0.04 069 069 272 (S) Petschek shock

2 (55.0, 1.75) (-0.04,1.00) -0.013 86.3 0098 006 088 322 004 058 058 4.58 (S) Petschek shock

3 (61.2,0) (-1.00,000) -0.40 90 303 1.41 0.77 1.38 (F) Reverse shock

4 (51.0, 6.0) (1.00, —0.04) 0.31 9.4 012 041 042 134 033 034 078 133 (S) Postplasmoid vertical shock
5 (80.0, 8.4) (—0.18,098)  —0.06 86.5 0.16 005 085 247 003 056 065 254 (S) Outer shell

6 (110.0, 6.5) (0.24, 0.97) 0.19 84.9 0.21 006 076 199 005 053 064 2.06 (S) Outer shell

7 (1012, 10.0) (0.94, 0.33) 054 252 023 043 049 115 039 044 087 LIS (S) Forward vertical shock
8 (110.0, 1.5)  (—0.06, —1.00) 0.10 87.8 1.1 0.12 45% 65% 012 39% 40* 155 (U) Intermediate shock?
9 (120.0, 1.9) (0.13, —0.99) 0.13 87.1 049 009 20% 38% 008 17* 19% 186 (U) Slow shock?

10 (1209, 1.0) (0.64, —0.77) 050 468 2.63 122 300 340 0.88 266 306 118 (F) Oblique shock

Zenitani & Miyoshi 2011
Zenitani 2015

1.
2.
3.
da

5.
6.

Petschek slow shock (Petschek 1964)
outer shell = slow shock (Ugai 1995)
intermediate shock (Abe & Hoshino 2001) or slow shock (Saito et al. 1995)
fast shock (Forbes & Priest 1983)
4b oblique shock & Mach disk (Takasao et al. 2015)

looptop front (Ugai 1987)
tangential discontinuity

7. post-plasmoid vertical slow shock (Zenitani et al. 2010)
8. outer vertical slow shock (Zenitani & Miyoshi 2011)

9.

fast-mode wave front (Saito et al.

1995)

10.overexpanded shock-diamonds (Zenitani et al. 2010)

1l.underexpanded shock-diamonds (Zenitani 2015)

12.slow expansion wavefront (Zenitani 2015)

13.contact discontinuity (Zenitani & Miyoshi 2011, 2015)
l4.contact discontinuity (Zenitani 2015)
15.vortex-driven shocklets (Miura 1992, 1995)

reconnection inflow

outflow jet

post-plasmoid reverse flow
internal flow

flapping jet (KH instability)
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l6.contact discontinuity (Zenitani 2015)

17.rotational discontinuity [in guide-field reconnection] (Petschek & Thorne 1967)
18.conduction front [with heat conduction] (Yokoyama & Shibata 1997)
19.forward head shock [in asymmetric reconnection] (Nitta et al. 2016)




OpenMHD - public code

e ——— B e e e MHD code by Zenitani &
OpenMHD code Miyoshi (2011, 2015) with
— cmomtmn } ) recent improvements
E

e Fortran 90, 2D (Internally 3D),
HLLD, MUSCL, MPI+OpenMP,
A MPI-IO, GPU (CUDA)

Japanese | English

* Visualization code in IDL and
OpenMHD is a two-dimensional finite-volume code for magnetohydrodynamics (MHD). The code P y-I- h O n 3 ( m G 1- p | O -I- | i b )

is written in Fortran 90. It is parallelized by using MPI-2 and OpenMP.

OpenMHD was originally developed for my studies on magnetic reconnection [1,2]. In addition,
substantial improvements have been made since then. The code has been made publicly available
in the hope that others may find it useful.

Density (t= 250.0)

$ ipython3 --pylab
In [1]: %run plot.py

https://sci.ndo.ac.jp/MEMBER/zenitani/openmhd-e.html




MHD equations

e Resistive MHD equations
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e Ohm'’s law
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* Hyperbolic divergence cleaning (Dedner+ 2002)
e Second-order TVD RK + Strang splitting




Riemann solver
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HLLD solver

* Proposed by Miyoshi & Kusano 2005

e An advanced variant of HLL solver
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A problem in the HLLD scheme

e In the parallel direction, Ca = Csast for p<1.2.
e RD sometimes outruns the Riemann fan.

e We offer the problem parameters.
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Solutions

e 1. HLLC=HLLD hybrid solver

e Positivity
e If clauses - not ideal for optimization

e 2. Faster Ciast (Miyoshi 2015 private comm.)
e 3. Adjust wavespeeds: sL*=max(SL,SL*), SR*=min(SR*,SR)

» Good for optimization
* Theoreticians are unhappy
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OpenMHD/2019 (HLLD) - Profiler output

Orszag-Tang vortex Magnetic reconnection

©® flux_solver

® flux_solver _
© limiter ©® limiter
©® set_dt ® set dt
@ u2v © tvd rk22
® tvd_rk22 © flux_resistive
® tvd rk21 ® tvd rk21
® flux_gim ® u2v
® other ® flux_glm
© other

gfortran 4.8




Performance tuning (1/2)

e Loop indexes

o Specifying 1ntent attributes in subroutines

 Reducing 1f-statements

In particular, intent(in) and intent(out) work great.

subroutine bc(U,ix, jx)
implicit none
include ‘'param.h’
integer :: ix, jx

subroutine bc(U,ix,jx)
implicit none
include 'param.h’
integer, intent(in) :: ix, jx

This does not improve the performance on Intel computers,

but it works well on FX computers

minmod limiter:

if( gA*gB .le. @ ) then
grad = 0.do
else
if( gA .gt. @ ) then
grad = 0.5d0 * min(gA,gB)
else
grad = 0.5d0 * max(gA,gB)
endif
endif

grad = (sign(0.25d0o,gA)
+sign(0.25d0,gB))*min(abs(gA),abs(gB))

MC limiter:

grad = (sign(@.5d0,gA)+sign(0.5d0,gB))*min(abs(gA),abs(gB),0.25d0*abs(gA+gB))




Performance tuning (2/2)

e Reducing square roots and divisions

e [before] Fastest fast-mode speed

vfL

sqrt( ( (f14B2) + sqrt(max( (f1l+B2)**2-f2, ©.d0 ))) / ( 2*VL(i,j,ro0) ))
vfR 0))) /(

sqrt( ( (f14B2) + sqrt(max( (fl+B2)**2-f2, 0.d 2*VR(i,j,ro) ))

f1 max( vfL, vfR )

e [affer]
aL = ( (f14B2) + sqrt(max( (f1+B2)**2-f2, ©.d0 ))) / ( 2*VL(i,j,ro0) )
aR = ( (f1+B2) + sqrt(max( (f1+B2)**2-f2, ©.d0 ))) / ( 2*VR(i,j,ro) )
f1 = sqrt( max( aL, aR ) )

e Using register variables
e Using collapse option in OpenMP directives

I$omp parallel do private(i,j,k) collapse(2)
do k=1,varl
do j=2,jx-1
do i=2,ix-1

e Using good compilers
e Intel Fortran compiler is usually better than gfortran
» Gfortran 5.4 or 6.x is substantially better than gfortran 4.8




Improving performance - slope limiters

minmod
fast €——
]
(atb) - min(0.d0,a,b) - max(0.d0,a,b) -
O n ams(ay abs(0)) -_
. ]
SR (D)) _—
]
If statements
]

0.95 096 097 098 099 1 1.01 1.02 1.03 1.04
m Intel (gfortran -02) Intel (ifort)  m SPARC (Fujitsu fortran)

B If statements
™ minmod(2a,minmod(2b,c))

M (sign(0.5d0,a)+sign(@.5d0,b)) * min( abs(2a),abs(2b), abs(c) )

MC
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Improving performance - slope limiters

If statements min, sign etc.
300000 300000
270000 270000
240000 240000
210000 210000
fast
180000 180000
150000 150000

™ minmod B MC " Koren




MPTI nonblocking communication

A

time

A 4

(blocking)

call mpi_sendrecv(.. )

e Ofther operation while
sending/receiving data
(communication hiding)

(nonblocking)

call mpi_irecv(..
call mpi_isend(..

call mpi_waitall(.. )

call mpi_sendrecv(.. )

) O
) -
call mpi_irecv(.. )
call mpi_isend(.. )

call mpi_waitall(.. )




Parallel I/0 (MPI-IO)

* Multiple MPI processes concurrently access data in a single file.

 The way to access the shared file is defined by MPI File set view.
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Parallel efficiency / strong scaling

e Very nice scaling up to 5000 cores; moderate scaling at 10000 cores
e 94% efficiency at 3000 cores with flat MP]
e 98% at 5000 physical cores with hyperthreading (@Xeon Phi KNL)

time efficiency
1000 - 15
] e Ideal .
2omp+2HT
—e—2D:Nx1 1
—e—2D:Nx 10 \
0.8 °
2D: N x50
500 - 0.6
04
250
0.2
T e .
300 3000 phys. cores 300 3000 phys. cores

OpenMHD/2019




Performance: years of improvement

KDK-A (Xeon Phi KNL) NAOJ XC30 (Xeon) JAXA FX100 (SPARC)

50 34 30

37.5 25.5 22.5
25 17 15
12.5 85 fast 7.5
2018 2016 2015 2014 2011 0 2018 2016 2015 2014 2011 0 2018 2016 2015 2014 2011
HLL/HLLD HLL/HLLD HLL/HLLD

Optimized for various CPU architectures




GPU version

e OpenMHD also runs on NVIDIA GPUs
e Partially written by CUDA Fortran

1000
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Web site

e Search "OpenMHD" with Google.
 Online documents [in Japanese]. English tfranslation in progress.
o« Gateway to a mailing list (41 users).

eoe OpenMHD code +
€ | © th.nao.ac.jp/MEMBER/zenitani/openmhd-e.htm 3o X wB 93 a =
OpenMHD code eoe R — O\ 4
€ ) ©  th.nao.ac.jp/MEMBER/zenitani/openmhd-j.htm Bl ¢ Qs wBE O ¥ a4 =

Outflow speed (t= 250.0)

OpenMHD O—F

Outflow speed (t= 250.0)

Japanese | English

Introduction .
Japanese | English

OpenMHD is a two-dimensional finite-volume code for magnetohydrodynamics (MHD). The

Ui 3 LKL HBABERE E: =6l ) SEHEE el
written in Fortran 90. It is parallelized by using MPI-2 and OpenMP. / IRRIRA / RILEE / 1885 / RAMKDR / KA / B0 >~

OpenMHD was originally developed for my studies on magnetic reconnection [1,2]. In additi OpenMHD ¥4 Fortran 90 TE/ANIESTE (MHD) Y2 2L—Y3v0—RTY, YV FLABRETHE
substantial improvements have been made since then. The code has been made publicly avail B, IDL/Python3 D#RHT - AL —F Y HHBLTWALS, YIal—YavAMCRETT, VU7
the hope that others may find it useful. JURRE MPI/OpenMP FIRAFBE N TNT, Z—/{—IYE2—5—TH PC THALI—REESEST

| N TERT,

OpenMHD J— R, #&® MHD YJXo ¥ 3 VEiR (1,2] O#FI—RENy5—ILLidbDTY, %
LT, ZORDOBFREMDANT, HRFEHERIT TVWEY, MPIEEI— FO—BMIRAMEE - MLKED
CANSO—F [KEELTWET,

https://sci.ndo.ac.jp/MEMBER/zenitani/openmhd-e.html




Built-in problems

e Riemann problem e« Solar-wind problem e Orszag-Tang vortex

Pressure (t = 2'0),
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Source code management

e Qurrepository is hosted by GitHub.

e |tis open to public -- pull requests are always welcome!

00 () GitHub - zenitanyOpenMHD % | +
J "

€ (O @ GitHub, Inc. (US) | https://github.com/zenitani/OpenMHD

o Features Business Explore Marketplace Pricing

[ zenitani / OpenMHD

<> Code Issues 0

Pull requests 0

No description, website, or topics provided.

P 82 commits

¥ 1branch

e Pus

This repository

"B 93 A

Sign in or Sign up

® O ® /) openmHpifiuxsoivero0at: x | +
J 8

Projects 0 Insights €

© Oreleases

Branch: master v

[ zenitani kind=mpi_offset_kind
= 10_CIR
i 1D0_basic
i 20_KH
i 2D_basic
i 2D_reconnection
M visualization
COPYING

README.md

[ README.md

OpenMHD

Version: 20170416
Version: 20170416
Version: 20170416
kind=mpi_offset_kind
Version: 20170416
Version: 20170416
first commit

faster HLLC solver

O Features Business Explore Marketplace Pricing

[

(@ @ GitHub, Inc. (US) | https://github.com/zenitani/OpenMHD/blob/master/2D_basic/flux_solver. ¢ | Onz gl =1 - I T

| zenitani /| OpenMHD

<> Code Issues 0

granch: master~  OpenMHD / 2D_basic / flux_solver.f90

I zenitani typo

1 contributor

596 lines (510 sloc) 24.9 KB

subroutine flux_solver(F,VL,\

implicit none

include ‘param.h’

integer,

numerical flux

Pull requests 0

arrays [input)

ntent(in) ::

ix, jx

Projects 0

This repository Sign in or Sign up

© watch 2 % Star 0 YFork 1

Insights ~

Find file  Copy path

d6c834f on 22 Dec 2016

Raw Blame Histoy [J




Research papers based on OpenMHD

Asymmetric reconnection
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Nitta et al. 2016, 2019 ApJ

e Plasmoid-dominated reconnection
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Hosseinpour et al. 2018 PoP

 Usedin college & graduate school
e Kobe University and Ehime University




References

[1] S. Zenitani & T. Miyoshi, Phys. Plasmas 18, 022105 (2011)
[2] S. Zenitani, Phys. Plasmas 22,032114 (2015)

[3] A. Dedner et al., J. Comput. Phys. 175, 645 (2002)

[4] T. Miyoshi & K. Kusano, J. Comput. Phys. 208, 315 (2005)
[5] #eAa Al ZEAFBIE 13,27 (2017)

URLs

https://ascl.net/1604.001
https://github.com/zenitani/OpenMHD
https://sci.nao.ac.jp/MEMBER/zenitani/openmhd-e.html




